Biogenic polyamines, such as putrescine, spermidine and spermine are small organic polycations involved in numerous diverse biological processes. These compounds play an important role in nucleic acid function due to their bindings to DNA and RNA. It has been shown that biogenic polyamines cause DNA condensation and aggregation similar to that of inorganic cobalt(III)hexamine cation with ability to induce DNA conformational changes. However, the nature of the polyamine-DNA binding at molecular level is not clearly established and being the subject of much controversy. In the present study the effects of spermine, spermidine, putrescine and cobalt(III)hexamine on the solution structure of calf-thymus DNA were investigated using affinity capillary electrophoresis, Fourier transform infrared and circular dichroism spectroscopic methods.
INTRODUCTION
The biogenic polyamines putrescine [NH 2 (CH 2 ) 4 3 NH 2 ] (Structure 1) are the most prevalent polyamines in mammalian cells. They are small aliphatic polycations involved in numerous diverse biological processes, such as the ability to modulate gene expression and enzyme activities, activation of DNA synthesis, cell proliferation and differentiation, etc. (1) (2) (3) (4) (5) (6) (7) (8) . Other polyamines' functions have been related to DNA protection from external agents (9, 10) and against radiation damage (11, 12) . In general, spermidine and spermine are present in millimolar concentrations in vivo, whereas putrescine levels are slightly lower (13) (14) (15) . However, the most important characteristic of polyamines within the cells is to bind nucleic acids and DNA in particular (1, 6) .
Polyamines have also the ability to induce DNA conformational transitions. Their bindings have been reported to promote the conversion of the right-handed B-DNA to a left-handed Z-DNA (16) (17) (18) (19) or to an alternative form of right-handed helix, A-DNA (20) (21) (22) . However, polyamines can also bind B-DNA inducing no major biopolymer conformational changes (23) (24) (25) .
Another consequence of polyamine binding is the condensation of DNA occurring with both naked DNA (26) (27) (28) (29) (30) and chromatin (31, 32) . Immunocytochemical studies of spermidine and spermine have shown that these polyamines are associated with highly compacted mitotic chromosomes (33, 34) , inducing more stabilizing than regulating effect on the chromatin structure during the cell cycle (35) . On the other hand, it has been shown that cobalt(III)hexamine cation is five times more efficient as a condensing agent than spermidine, having the same positive charges (36) . These studies indicate that polyamine-induced DNA condensation is important to the cellular functions in vivo.
However, the question of how they bind to DNA has not been clearly established.
One of the early discoveries about polyamine-DNA interactions was the observation that polycation could stabilize double-stranded DNA (37) . Putrescine, spermidine and
EXPERIMENTAL PROCEDURES
Materials-Polyamines spermine, spermidine, putrescine and cobalt(III)hexamine were purchased from Sigma Chemical Company. Highly polymerised type I calf-thymus DNA sodium salt (7% Na content) was purchased from Sigma Chemical Co., and deproteinated by the addition of CHCl 3 and isoamyl alcohol in NaCl solution. To check the protein content of DNA solution, the absorbance at 260 and 280 nm was recorded.
The A 260 / A 280 ratio was 1.85, showing that the DNA was sufficiently free from protein (51) . Other chemicals were of reagent grade and used without further purification. and a minimum of 100 scans. The water subtraction was carried out using 0.1 M NaCl solution at pH = 7.0 ± 0.2 as a reference (54) . A good water subtraction is considered to be achieved if there is a flat baseline around 2200 cm -1 , where the water combination mode is located. This method yields a rough estimate of the subtraction scaling factor, but it removes the spectral features of water in a satisfactory way (54) . The infrared spectra of polyamine-DNA complexes with molar ratios higher than 1/4 for spermine, spermidine and cobalt-hexamine and higher than 1 for putrescine could not be recorded as homogenous solution, due to DNA precipitation and solid gel formation.
Preparation of stock solutions-
The difference spectra [(DNA solution + polyamine) -(DNA solution)] were obtained using a sharp DNA band at 968 cm -1 as an internal reference. This band, which is due to deoxyribose C-C and C-O stretching vibrations, exhibits no spectral changes (shifting or intensity variation) upon polyamine-DNA complexation and cancelled out upon spectral subtraction (55) . The spectra presented here were smoothed with a Savitzky-Golay procedure (54) .
The plots of the relative intensity (R) of several peaks of DNA in-plane vibrations related to A-T, G-C base pairs and the PO 2  stretching vibrations such as 1717 (guanine), 1663 (thymine), 1609 (adenine), 1492 (cytosine) and 1222 cm -1 (PO 2  groups), versus the polyamine concentrations were obtained after peak normalization using:
Where I i is the intensity of absorption peak for pure DNA and DNA in the complex with i concentration of polyamine, and I 968 is the intensity of the 968 cm -1 peak (internal reference). Capillary electrophoresis (CE)-A P/ACE System MDQ (Beckman) with photodiode array detector was used to study polyamine-DNA interaction. An uncoated fused silica capillary of 75 µm i.d. (total length of 57 cm) and effective length of 50 cm (to the detector) was used. The capillary was conditioned each day by rinsing with 1 N sodium hydroxide for 30 min, followed by a 15 min wash with 0.1 N sodium hydroxide. Then it was rinsed with running buffer for 30 min at high pressure (50 psi), followed by a baseline run for 20 min at the voltage used for the experiments (25 kV). Between runs, the capillary was rinsed with NaOH 1N for 2 min, followed by rinsing with running buffer for 3 min at high pressure. The capillary was flushed with distilled deionized water for 30 min at the end for each day and filled with deionized water overnight.
Samples were injected using a voltage injection at 10 kV for 5 s. Electrophoresis was carried out at a voltage of 25 kV for 10 min using normal polarity. All runs were carried out at 25 °C. High voltage gave fast separation and low current (the current in the capillary was typically 30 µA) gave less Joule heating, allowing the complex to stay intact during electrophoresis. The capillary inlet and outlet vials were replenished after every five runs. 
Rearrangement of this gives a convenient form for Scatchard analysis:
Using affinity capillary electrophoresis (ACE) method, many DNA-protein and metal-DNA complexes have been successfully identified (57) (58) (59) (60) (61) (63) . The quantity n increases with the degree of cooperativity of a reaction and thereby provides a convenient and simplistic characterization of a ligand-binding reaction (63) . In order to avoid precipitation, different polycation concentrations were selected for the biogenic polyamines and cobalt(III)hexamine (26) . Molar ratios of 1/80 to 1/4 were studied for spermine (+4), spermidine (+3) and cobalt(III)hexamine (+3) due to their high positive charges. However, molar ratios of 1/80 to 1 were used for putrescine (+2) with no precipitation under our experimental conditions. These ranges are physiologically justified, since millimolar concentrations of polyamines have been found in the nucleous of eucaryotic cells (1, 6) . The relevant wavenumbers and assignment of the main infrared bands of the calf thymus DNA are listed in Table 1 .
At low polyamine concentrations (r=1/80), these four polyamines bind preferably to DNA bases. Evidence for this comes from the changes in the intensity and shifting of the absorption bands in the region 1800-1550 cm -1 , due to the in-plane DNA vibrational frequencies (54, 55, (64) (65) (66) . Major increase in the intensity was observed mainly for guanine band at 1717 cm -1 (30-15 %) , thymine band at 1663 cm -1 (40-20 %) and adenine band at 1609 cm -1 (40-15 %), (Fig. 3) . These intensity changes observed in the region 1800-1500 cm -1 were associated also with bands shift upon polycation interaction. In the spectra of Spm-DNA complexes, the bands at 1717 and 1609 cm -1 shifted downwards by 4 cm -1 , while the band at 1663 cm -1 shifted by 1 cm -1 (Fig. 1A) . Similarly, the bands at 1663 and 1609 cm -1 were shifted by 1-2 cm -1 in the spectra of Spd-, Put-, and Co(III)-DNA adducts (Fig. 1B, Fig. 2 ). Similar trend was observed for the DNA band at 1717 cm -1 , in-plane stretching vibrations of double bond of guanine (C7=N) located at the major groove (64, 66) . This band shifted downwards by 4 cm -1 in the spectra of Spd-, and
Co(III)-DNA complexes, while in the Put-DNA adducts it was displaced by 2 cm -1 ( With respect to both intensity increase and shifting of the bands, we suggest that spermine interacts mainly with the guanine-N7 and adenine-N7 reactive sites located in the major groove of dsDNA. In the difference spectrum of spermidine (Fig. 1B) , the positive features at 1705 and 1666 cm -1 are due to cation bindings to the guanine-N7 and the thymine-O2 reactive sites. With respect to the shifting of the guanine band at 1717 cm -1 (4 cm -1 ), spermidine interaction is mainly with the guanine-N7 site followed by a weak interaction with A-T base pair.
In the spectra of Put-DNA complexes, the bands at 1717 (G), 1663 (T) and 1609 cm Since a major displacement was observed for the band at 1717 cm -1 (4 cm -1 ) followed by 2 cm -1 for the band at 1609 cm -1 (A), we conclude that the cobalt(III)hexamine binds strongly to the guanine-N7 atom and to a lesser extent with the adenine-N7 reactive site.
In addition, the shifting of the band at 1578 cm -1 , which involves in-plane C8=N7 stretching vibration of the purine ring (mainly guanine residues) (64, 65) is indicative of a major cobalt(III)hexamine complexation with the guanine-N7 atom.
Other DNA vibrational frequencies in the region 1550-1250 cm -1 showed minor spectral changes upon polyamine complexation. The band at 1492 cm -1 which is related largely to the cytosine residues (65, 66) exhibited no major shifting (1 cm In the case of putrescine, the three major bands at 1717 (G), 1663 (T) and 1609 cm -1 (A) were shifted downward by 2 cm -1 (r=1/40 to 1/10). Similarly, the relative intensities of these bands increased significantly (Fig. 3C ) and this gives rise to the putrescine preferential bindings to the major and minor groove of DNA duplex. As the concentration of putrescine increased further (r=1/4 to 1), a decrease in the intensity of DNA vibrations at 1717, 1663 and 1609 cm -1 was observed (Fig. 3C ). This decline in the intensity is the consequence of helix stabilization caused by partial putrescine-phosphate interaction. Such decrease in infrared intensities of DNA vibrations is also observed when cationphosphate binding resulted in partial helix stabilization (66) . In our opinion, putrescine is more fluid than other polyamines at low and high concentrations and seems to bind at different sites, including the bindings to the major and minor grooves, as well as the backbone phosphate group stabilizing the DNA duplex at high cation content. These findings are consistent with our capillary electrophoresis results that showed higher Hill coefficient (n) for putrescine compared to other polyamines as a result of a high cooperativity binding of putrescine to duplex DNA.
DNA structural changes at high polycation concentrations-At high spermine, spermidine and cobalt(III)hexamine content (r = 1/4), several spectral changes were observed for the base and phosphate vibrations. Indeed, we observed a decrease in intensity of the absorption bands at 1717 (guanine-N7), 1663 (thymine-O2), 1609
(adenine-N7) and 1222 (phosphate) cm -1 (Figs 3A, 3B and 3D). The term that has been adopted for this decrease is infrared hypochromism (67) and can be provoked by the base staking and base pairing as a consequence of the cation interaction (19, 24) . In the case of the spermine and spermidine, this hypochromism is not arising from DNA condensation.
In our opinion, this is due to DNA stabilisation, which occurs at high polyamine concentrations just before the precipitation threshold. Similarly, the bands at 1717 and 1609 cm -1 in Spm-and Spd-DNA spectra were shifted by several cm -1 (Fig. 1A, 1B) . The band at 1663 cm -1 , which is assigned mainly to the C2═O2 stretching modes of the thymine residues was shifted to the lower wavenumbres (1660 cm -1 ) in the spectra of Spd-DNA adducts (Fig. 1B, r=1/4 ), while no major shifting was observed for this band in the spectra of Spm-DNA complexes (Fig. 1A) .
These results are supported by the infrared difference spectra (Fig. 1) . For spermine, the positive bands at 1715 and 1697 cm -1 have been assigned to the interaction with guanine-N7 atom, while the positive band at 1600 cm -1 was assigned to its interaction with adenine-N7 atom. The interaction of Spm with thymine residues is not considered since the corresponding band (1663 cm -1 ) exhibited no shifting. In the difference spectra of Spd-DNA complexes, the bands at 1660 and 1600 cm -1 have been assigned to the polycation interaction with thymine-O2 and adenine-N7 reactive sites. The interaction of putrescine at high concentration (r=1) with DNA bases is evidenced by the positive difference features at 1715, 1660 and 1612 cm -1 , that have been assigned to the guanine-N7, thymine-O2 and adenine-N7 reactive sites, respectively ( Fig. 2A, r=1) . However, the infrared spectra of putrescine-DNA complex showed small wavenumber shifts (1 cm -1 )
for the three base bands (Fig. 2A) . This indicates a weaker interaction of putrescine with these bases as the result of duplex stabilization.
The hypochromism effect observed for the base and phosphate vibrations at high cobalt(III)hexamine concentration ( Fig. 2B) can be attributed to the formation of an aggregated state in solution in which polyanions (dsDNA) and polycations (cobalt(III)hexamine) dispose alternatively in a highly packaged structure similarly to a liquid crystal (27) . This result is supported by the infrared difference spectra of Co(III)-DNA complexes (Fig. 2B , r=1/4). As a general trend, the spectra exhibited negative feature at 1561 cm -1 in the difference spectra of the polycation-DNA adducts ( Fig. 2A) ,
indicating an active participation of these groups in polyamine complexation ( Fig. 2A) . To verify whether cobalt(III)hexamine cations induce DNA conformational changes, circular dichorism analysis were performed using constant DNA concentration (1.25 mM) and various Co(III)/DNA(P) molar ratios. The CD spectrum of pure DNA (Fig. 4, a) shows two positive bands at 275 nm (large band) and 221 nm (weak band) and negative one at 245 nm, typical of B-DNA conformation (75, 76) . The DNA bands at 275 and 245 nm were not changed upon the addition of cobalt(III)hexamine suggesting that DNA remain as B-conformation. On the other hand, the intensity of the weak positive band at 221 nm decreased and shifted to a higher wavelength (224 cm -1 ) upon addition of cobalt(III)hexamine cation. This followed by an increase in the molar ellipticity of the negative band around 212 nm (Fig. 4, b to f) , characteristic of A-DNA conformation (76 (64) .
Since no such spectral changes occurred in biogenic polyamine-DNA adducts, DNA remains in B-conformation in these complexes. Table 2 .
Stability of Polyamines-DNA adducts by capillary electrophoresis-The
The saturated curve is shown in Figure 5A . The migration time of polyamine-DNA adducts gradually increased as the polyamine concentration increased and nearly reached a plateau at low polyamine concentration (around 25 µM), (Fig. 5A ). Based on these results, binding constants of the polycation-DNA complexes were determined by (Fig. 5C) . These results suggest a high-and a low-affinity for DNA upon cobalt(III)hexamine complexation. Furthermore, it may be speculated that the stronger interaction is due to major groove binding involving purine-N7 atom, while the weaker is due to its binding with the backbone PO 2  group, in agreement with the infrared data.
Direct contacts between cobalt(III)hexamine and nucleic acids were observed by X-ray study (71) in which one of the cobalt(III)hexamine cations was located in DNA major groove binding via hydrogen-bonding to the guanine residue (N7 and O6 atoms). The second cobalt(III)hexamine cation was positioned between DNA molecules forming hydrogen bonds to the phosphate oxygen atoms from different strands.
The cooperativity of the binding was analyzed using a Hill plot (Fig. 5D ). For biogenic polyamines spermine, spermidine and putrescine, the Hill coefficients, n, were 1.24, 1.47, and 1.74, respectively. These Hill coefficients were all greater than unity, indicating a positive cooperativity binding of these three polyamines with the dsDNA (63) . In our opinion, this positive cooperativity reflects the biological importance of the biogenic polyamines within the cell. Indeed, depletion of polyamines was shown to cause a minor destabilization of the chromatin structure (35) . In contrast, the Co(III)-DNA interaction was characterized by a negative cooperativity with Hill coefficient (n) less than 1 (Fig. 5D ). This may be due to the non-specific interaction between cobalt(III)hexamine and DNA. Preferred binding models for polyamine-DNA complexes and their biological implication-Our spectroscopic data are used to build models for each biogenic polyamine-DNA adducts. It should be noted that several models are proposed for polyamine-DNA complexes in recent theoretical and spectroscopic studies (22, 24, 25, 48) . To present some interaction models, the intramolecular distances should be taken into account. It was seen that polyamines attached to B-DNA are in trans torsion angles (22, 48) . As predicted by theoretical calculations (80), this is the lowest-energy conformation for these polyamines. Intramolecular distances for dsDNA and polyamines
can be approximately calculated using HyperChem software (81) . Thus, the distances between the outer primary amino group in the all-trans conformation are 6.23, 11.13 and 16.04 Å for putrescine, spermidine and spermine, respectively. The distance between a primary amino group and a secondary amino group separated by a trimethylene chain is around 5 Å (Structure 1). In addition, spermine contains two inner secondary amino groups that are separated by 6.23 Å. The double-stranded DNA in B-form was constructed using HyperChem Nucleic acids Databases. A model for the polyamine cation was built manually using drawing tools of the HyperChem Model Builder and was subjected to geometrical optimization.
(a) Putrescine-Our infrared spectra of putrescine-DNA complexes showed that putrescine binds to the major and minor grooves of DNA duplex at both low and high polycation concentrations. In addition, electrostatic interaction with negatively charged backbone phosphate groups occurs for putrescine-DNA complexes.
In the major groove of double strand DNA, the guanine-and adenine-N7 atoms are the more reactive sites since they are free from strong steric hindrances and are not involved in the Watson-Crick hydrogen bonds. The distance between these atoms and the oxygen atom of the nearest phosphate group is around 6.36 and 6.47 Å, respectively, which correlates well with the putrescine N-N distance (6.23 Å). The primary amino groups of putrescine could make two hydrogen bonds with the oxygen atom of the PO 2  group and either the guanine-N7 or adenine-N7 atoms of the same strand at the major groove (Fig. 6A) . Intragroove interaction by two adjacent PO 2  groups (6.34 Å) was also proposed (Fig. 6A) . However, the molecular size of putrescine could not allow it to interstrand binding. In a minor groove model, estimated lengths of 6.02 Å can be obtained for thymine-O2 atom and PO 2  group of the same strand, which also correlates with the putrescine N-N distance. We therefore propose putrescine-DNA model where the polyamine NH 3 + groups are in contact with a phosphate group and a thymine-O2 atom in the minor groove as shown in Fig. 6B . Several models involving the binding of spermidine in the minor groove of dsDNA are proposed recently (24, 25) . In these models, the authors showed an interstrand contact between polyamine amino groups and T(O2), A(N3) and PO 2  groups. In our model (Fig.   7C ), we propose an intrastrand binding possibility in which the outer amino groups are near thymine-O2 and O4 of sugar (~ 11.3 Å). In addition, this model allows for interaction between an adenine-N3 atom and the inner spermidine-NH 2 + group.
Hydrophobic contacts with the methylene-C5' can also occur (Fig. 7C ). It should be noted that some phosphate-phosphate interstrand distances at the dsDNA minor grooves could favour the attachment of spermidine molecules (model not showed), while it is not possible at the major groove.
(c) Spermine-Based on infrared data, the major groove is the most favourable binding site on dsDNA for spermine. Spermine interaction with the bases at the major groove was demonstrated by X-ray studies performed on spermine-oligonucleotide complexes (21, 42) . In addition, the interaction between spermine and DNA has been widely studied using theoretical calculations (45, 47) . These studies indicated that the interaction at the major groove of alternating purine/pyrimidine sequences appears to be the most favorable of all models presented, and are associated with significant bending of DNA. The influence of base composition (and sequence) on the process of interaction between spermine and synthetic polynucleotides has shown significant differences between A-T and G-C base pairs (31) . Thus, diverse binding models could be considered for spermine, since the interactions with the bases are sequence dependent. Recent Raman studies (24, 25) propose the interactions along and across the major grooves involving contacts between the inner amino groups and purine-N7 and thymine-O4 atoms, that also permit hydrophobic contact between CH 2 group of thymine and methylene group of spermine.
These models correlate well with our infrared data, since interactions with the purine-N7 atoms and hydrophobic contacts are observed. In our major groove model, the outer primary amino groups of spermine could bind with PO 2  groups from different strands (~ 16.4 Å), which correlate well with the distances between the outer primary amino groups of spermine (~ 16.04 Å). This model allows for inner interactions with N7 atoms of guanine and adenine bases (Fig. 7) . As mentioned above, spermidine molecules favour the phosphate-phosphate interstrand attachment in the minor groove, while spermine could favour the interstrand attachment at both the minor and major grooves. In our opinion this might justify DNA protection against radiation, oxidation and thermal denaturation.
Polyamines play an essential role in cell growth and differentiation, and interaction with nucleic acids could explain some of their important biological functions (1, 6, 8) .
Several studies indicate that polyamines play a critical role in protecting DNA strand breaks induced by radiation and oxidative stress (9) (10) (11) (12) . In fact, such DNA damage decreases the survivability of polyamine-deficient Escherichia coli mutant cells (11) .
However, the mechanisms by which this occurs are unknown. Our proposed models involve both intra-and interstrand interactions between polyamines and DNA. In our opinion, the intrastrand interaction would justify the ability of these polyamines to protect DNA against strand breaks. However, DNA strand breaks were not prevented as much by putrescine as by spermidine and spermine (putrescine afforded a lower protection), (9) (10) (11) (12) . This difference could be explained by the difference in the charges and sizes of polyamines. On the other hand, the interstrand interaction would explain the ability of spermine and spermidine to offer higher protection. 
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